Objective-To assess the cardiorespiratory response to graded exercise in patients after the Senning operation for transposition of the great arteries. Design-Cross sectional study. Exercise performance was assessed by determination of the ventilatory anaerobic threshold. This was defined as the exercise intensity at which the ventilatory equivalent for oxygen (H I'Vo2) started to increase systematically without a concomitant increase in the ventilatory equivalent for carbon dioxide (E /Vco2).
Setting-Outpatient department. Patients-Sequential sample of 20 patients studied 5-10 years (mean 7-3 years) after the Senning operation. Age at exercise testing varied from 5 to 11 (mean 7-8) years. Results-The ventilatory threshold in the patients was significantly lower than normal (p < 0.005) and averaged 79*3% (SD 13%) and 80% (12%) of the predicted normal value for age and weight, respectively. Also, the ventilatory threshold was surpassed sooner (mean 3-2 (range 2-5) minutes) in the patients than in normal controls (3.9 (2.6-4-6) minutes). The lower ventilatory threshold was associated with a subnormal oxygen uptake (mllminlkg) during submaxmal exercise, a higher than normal ventilatory equivalent for oxygen ratio, and a lower end tidal carbon dioxide tension in the patients compared with normal controls. In half of the patients heart rate was lower during graded exercise. This relative bradycardia was not associated with a normal ventilatory threshold, as often seen in fit young people. No major disturbances in rhythm were observed during exercise. Cnch n-xercise ce, asse by respiratory gas exchange, was slightly but significantly lower than normal in patients after the Senning operation. A subnormal ventilatory threshold, associated with a higher than normal ventilatory response during submaximal exercise, supports the hypothesis that oxygen delivery to tissues is slightly impaired in these patients. (Br HeartJ_ 1993; 70:175-179) Several studies have documented a diminished exercise tolerance after the Mustard operation in patients with transposition of the great arteries.1-3 This has been related to an inappropriate increase of stroke volume and, to a less extent, a blunted heart rate response to exercise.45 Little information exists, however, about cardiorespiratory exercise performance in patients who have had the Senning operation. The theoretical advantage of the Senning procedure is that, in contrast to the Mustard operation, it uses almost exclusively viable atrial tissue, which has the potential for chamber growth and better preserves atrial contractility. We assessed the cardiorespiratory response to exercise in patients with transposition of the great arteries after the Senning procedure and compared it with previously published data in patients after the Mustard operation.2 Our assessment was based on the determination of the ventilatory (anaerobic) threshold," an evaluation of respiratory gas exchange and an analysis of heart rate response during submaximal exercise.
Patients and methods
Exercise studies were performed in 20 patients (15 boys and five girls) 4-7 to 10-2 (mean 7-2) years after the Senning operation for simple transposition of the great arteries. Age at surgery varied from 1 to 12 (6) months and age at exercise testing from 5 to 11 (7 8) The methods used for exercise testing have been fully described.8 Informed consent was obtained from the patients or the parents after the nature of the tests was explained. Graded exercise testing was performed on a treadmill. The inclination was increased by 2% every minute, the speed remaining constant at 4X8 km/h and 5 6 km/h for children below and above 6 years old, respectively. A 12 lead electrocardiogram was recorded continuously during exercise. Oxygen uptake, carbon dioxide output, and derived variables were measured in each breath. Expired flow was directed to a heated Fleish pneumotachograph (No 3) connected to a Validyne differential pressure transducer. Gas was continuously sampled at the mouthpiece with heated sample lines and its composition was analysed by a fast responding oxygen analyser (Sensormedics OMi 1) and an infrared carbon dioxide analyser (Beckman LB2). These signals were processed via an analog to digital converter to a personal computer for off line analysis. During validation studies this system showed no significant difference with the Douglas bag method.11 Before each exercise study the system was calibrated with known volumes of air flow and precise gas mixtures. The breaths were averaged and expressed as minute volumes. The Douglas bag method was used to measure respiratory variables8 in six patients who were studied before 1990.
Cardiorespiratory exercise performance was assessed by determining the ventilatory threshold, defined as the highest exercise intensity before the ventilatory equivalent for oxygen (Y3/Vo2) started to increase steadily without a concomitant increase in the ventilatory equivalent for carbon dioxide (VE/VCO2)." In doubtful cases the V slope method was used, which shows a steeper increase in carbon dioxide output compared with oxygen uptake above the ventilatory (anaerobic) threshold.612
The ventilatory threshold was expressed as oxygen uptake (ml/min/kg) or in units of time. Heart rate, expressed as a percentage of the normal mean value, was considered to be subnormal when it fell below the 95% confidence interval of the normal mean value. Ventilatory threshold, heart rate, oxygen uptake, and the ventilatory equivalent for oxygen in these patients were (fig 1) . In five patients the intensity of the initial exercise level was already above the ventilatory threshold. The mean value averaged 79 3% (SD 13%) and 80% (12 5%) of the predicted normal value for age and weight, respectively, and was significantly lower than normal (p < 0.001). Compared with normal controls of the same sex and age the ventilatory threshold was surpassed sooner during incremental exercise and was reached after a mean interval of 3-2 minutes (range 2-5) compared with 3*9 minutes (2 6-4.6) in controls (p < 0-005).
Oxygen uptake was significantly lower at all levels of exercise in the patients than in controls (fig 2) . At all levels of exercise the end tidal carbon dioxide tension was significantly lower in patients than in controls and the ventilatory equivalent for oxygen was significantly higher (table).
In the 12 patients who underwent the Mustard operation for transposition of the great arteries the initial exercise intensity was above the ventilatory threshold in four patients and no ventilatory threshold could be determined in one patient. group.bmj.com on July 7, 2017 -Published by http://heart.bmj.com/ Downloaded from Cardiorespiratory exercise performance after Senning operation for transposition of the great arteres Figure 2 Mean oxygen uptake (mllminlkg) during graded treadmill exercise in 15 In 19 patients heart rate was monitored at all exercise intensities. When expressed as a percentage of the age predicted normal value, a subnormal value-that is below the 95% confidence interval-was found in 10 patients for two levels of exercise (fig 3) . In all but one of these patients a subnormal value was found for the ventilatory threshold. In eight of the remaining nine patients heart rate was within normal limits for at least two levels of exercise. The ventilatory threshold in these eight patients was subnormal in two, was already surpassed at the onset of exercise in five, and was normal in only one patient. One patient had a heart rate response above the 95% confidence interval (fig 3) with a subnormal ventilatory threshold. No relation was found between the heart rate response and the ventilatory threshold.
No major ventricular or atrial arrhythmia was observed during exercise. Fourteen patients had a stable sinus rhythm at rest and during exercise, and two patients had intermittent sinus and nodal rhythm at rest and during exercise. Two patients had nodal rhythm which changed to a sinus rhythm in one and remained a nodal rhythm in the Inclination of treadmill (%) (VE/V02) to lower end tidal carbon dioxide tension are in accordance with a slight or moderate haemodynamic disturbance. The delivery of oxygen to the tissues seems to be impaired in these patients, resulting in a higher than normal anaerobic to aerobic energy supply and a reduced exercise tolerance.
Another factor that may contribute to a reduced exercise performance is an impaired chronotropic response to exercise. In about half of our patients heart rate was lower than normal during exercise. This agrees with the results of exercise studies in patients after a Mustard operation, many of whom were found to have a junctional or comparatively slow sinus rhythm.'202' Theoretically, a low ventilatory threshold and impaired 02 delivery to tissues can be compensated for by a higher heart rate, as seen in unfit people,22 but this compensatory mechanism was not found in our patients. The loss of sinus rhythm seen in two of our patients has been described by other investigators after the Senning and Mustard operations.2324 The most frequent form of arrhythmia after intra-atrial surgery for transposition of the great arteries was the development of atrioventricular nodal rhythm. The two patients who developed nodal rhythm in our study had a subnormal heart rate response during exercise and a subnormal exercise capacity. Major arrhythmia did not appear during exercise testing in our series.
Also, in the studies of Bender et al and Turina et al the incidence of serious rhythm disturbances was low within 10 years after the Senning operation,2325 but it remains a concern.
Finally, although our patients were symptom free and normally active during low intensity physical activity, they were not engaging in strenuous exercise and formal sporting activities. Physical activity during leisure time was not medically restricted, but they were discouraged to participate in competitive sports. The earlier onset of hyperventilation and anaerobic metabolism may to some extent be explained by hypoactivity and exercise intolerance at heavier levels of physical activity. Although, all children in our study led a normal and active life, longer follow up studies are needed to determine whether late complications, mainly right ventricular dysfunction, might impair their exercise tolerance in adult life.
